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1 INTRODUCTION

During Refueling Outage 21, in October 2002, Westinghouse performed nondestructive examinations
(NDE) of reactor vessel head penetration tubes and J-groove welds at H.B. Robinson Unit 2. The purpose
of the NDE inspection program was to identify the presence of primary water stress corrosion cracking
(PWSCC) on the accessible OD and ID surfaces of the head penetration tubes and the partial penetration
J-Groove welds attaching the penetrations to the reactor vessel head.

The reactor vessel head at H.B. Robinson Unit 2 contains 69 alloy 600 penetration tubes that are shrunk
fit in the reactor vessel head and attached with alloy 182 partial penetration J-groove welds. The reactor
vessel head was manufactured by Combustion Engineering.

There are a variety of configurations for the 69 penetration tubes, each configuration requiring special
consideration for examination. The penetration tube configurations are as follows:

* 45 penetration tubes with thermal sleeves installed
* 7 penetration tubes with part length drive shafts
* 17 penetration tubes without thermal sleeves

The reactor vessel head penetration nondestructive examination scope at H.B. Robinson Unit 2 included:

1. Eddy current and ultrasonic examinations of the seventeen open penetration tubes from the
penetration tube ID surfaces using the Westinghouse 7010 Open Housing Scanner, and

2. Eddy current examinations of the fifty-two sleeved penetration tubes from the penetration tube ID
surfaces using the Westinghouse Eddy Current Gapscanner.

3. Eddy current examinations of all sixty-nine J-groove welds and penetration tube OD surfaces
using the Westinghouse Grooveman manipulator,

This report documents a review of the fall 2002 RVHP examination results to identify the inspection
coverage achieved, taking into account the effect of as-built geometry and the J-weld fillet contour.

For all inspections performed at H.B. Robinson the inspection coverage lengths are illustrated on
Figure 1.
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2 INSPECTION COVERAGE

2.1 TUBE ID INSPECTIONS

Examination data from the Westinghouse Gapscanner and the Westinghouse Open Housing Scanner were
reviewed to establish the extent of coverage achieved. Both scanners deliver probes to the penetration
tube ID surface and scan the tubes in a vertical motion and index in the tubes circumferentially.

Inspection coverage on the lower extreme of the tube was verified through the identification of the bottom
edge of the tube, or exit signal, in the C-scan display of the eddy current data. In all cases, the exit signal
was visible, as shown in the column identified "Tube ID Bottom" in Table 1. Inspection coverage above
the weld was verified by a direct read of the inspection height. This review of the inspection data from
the Gapscanner and Open Housing Scanner confirmed that the eddy current exit signal is present in the
C-scans for all 69 penetrations and that the inspection coverage above the weld was at least 2.0" above the
upper elevation of the welds. Examples of the eddy current C-scan displays for penetrations #1, 5, 15, 37
and 63 are shown in Figures 2 through 6.

2.2 J-GROOVE WELD INSPECTIONS

All 69 J-Groove welds were examined using eddy current techniques with the Grooveman end effector,
which delivers the eddy current probes along the weld surface and along the penetration tube OD surface
that extends below the RPVH.

Two separate inspections are performed with this scanner. The first one delivers two eddy current probes
in tandem along J-weld surface on reactor pressure vessel head, or ROOF scan, and the second delivers
one eddy current probe along the tube OD surface, the TUBE scan. The mechanism is designed to
produce the appropriate probe motion trajectory for each scan to achieve full inspection coverage from
the J-weld roof scan to the tube scan. This coverage is illustrated in Figure 7.

As a verification, we have also reviewed available videotapes that were recorded for training purposes
during the last inspection at H.B. Robinson. Review of these videotapes confirms the probe trajectory
and that the anticipated overlap between the ROOF and TUBE scans was achieved. Still photos from
reviewed video are shown in Figures 8 through 10.

Examination data from the "ROOF," or weld scans, from the Grooveman end effector were reviewed to
establish the extent of J-Groove weld coverage achieved. For J-Groove weld eddy current inspections,
the recognizable location in the C-scans is the boundary line between the stainless steel cladding on the
head and the inconel buttering. The boundary between the end of the weld fillet and the tube is not
readily recognizable because of the similarities of the materials. We have reviewed the inspection data
and measured the inspection extent from the tube along the full J-weld width and over the stainless steel
cladding (JG-E distance on Fig.I). Examples of the eddy current C-scan displays for penetrations #7, 21,
42, 47 and 57 are shown in Figures 11 through 15 and the individual measurements for all 69 penetrations
are included in the column identifies as "J-Weld Ext (inch)" in Table 1. From these measurements we
confirmed the full J-weld surface inspection coverage in all cases, and the additionally inspected surface
that extends at least [ ]ac e beyond the cladding and buttering interface (JG-E minus JG-L on Fig. 1),
incorporating lessons learned from the North Anna inspection of Fall 2002.
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2.3 PENETRATION TUBE OD INSPECTIONS

The OD surfaces of all 69 penetration tubes were examined using eddy current techniques with the
Grooveman end effector.

Examination data from the "TUBE", or penetration OD surface scans, from the Grooveman end effector
were reviewed to establish the extent of penetration coverage achieved. For this purpose eddy current
data from each individual tube scan were reviewed to identify the probe position coverage on the "low
side" of the J-groove weld (THmin On Fig. 1). This position represents the zone with the least coverage
below the J-groove weld fillet. All other locations around the tube circumference have increasing
coverage of the tube to a maximum achieved at the "high side" weld location. The inspection coverage
below the J-weld fillet is illustrated in Figures 16 and 17.

Recent experience with vessel head examinations has shown that the calculated tube lengths inside the
vessel head are not always representative of the dimensions found in the vessel head as-built condition.
In most instances, the tube lengths are calculated based on the elevation where the tube intersects the
vessel head and does not take into account the weld fillet on the tube. During vessel manufacture the
length of the fillet was not a controlled dimension and can vary from tube to tube. During the
examinations in the fall of 2002, accurate dimensioning of these tubes was not included in the inspection
program.

Since as-built information is not available related to the H.B. Robinson fillet weld geometry,
measurements were made on the Jamesport reactor vessel head located at Westinghouse facility in
Waltz Mill, PA.

Measurements made on the Jamesport head show that the actual (as-built) J-weld fillet covers the
penetration tube to a distance of approximately [ ]ace from the elevation where the
penetration tube intersects the reactor vessel head. This is illustrated in Figure 18. Actual contours from
the Jamesport head are shown in Figures 19 and 20.

The H.B. Robinson penetration tubes have shorter lengths under the head as compared to the Jamesport
head. The Jamesport head tubes extend approximately [ ]"C. below the head ID on the low side
(00 circumferential orientation). The tube lengths below the head ID at Robinson measure
I I , on average.

Two penetration locations for the Robinson vessel head were assessed with respect to design versus
as-built geometries of the J-weld fillet contours. The two locations selected were those with intersect
angles of [ ]". These two penetration geometries are shown in Figures 21 and 22. From
these sketches it is evident that the length of the straight tube section below the head is actually [

]aCCe as compared to a design dimension of approximately [ ]', due to the presence
of the fillet on the J-groove weld. For central penetrations, measurements on the Jamesport head show
the weld fillet extends approximately [ ]ace down the tube. The as-built geometry, taking into
account the presence of the weld fillet, has been found to have an impact on the inspection of the tube
OD surface, by reducing the length of inspectable surface, especially on the downhill side of the weld
(00 azimuth).
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Additional independent measurements on the actual weld heights were extracted from UT data collected
for open penetrations. The actual weld heights measured with 00 UT transducer are included in the
columns identified as "H.B. Robinson THmax UT" and "H.B. Robinson THmin UT" in Table 1 for
penetrations 46 through 57. These results confirm the estimated as-built heights with average differences
of [ .

The inspection coverage achieved on the OD surfaces of the penetration tubes is shown in Table 1. The
column identified as "H.B. Robinson THmin (inch)" is the length of coverage achieved on the tube below
the weld fillet on the downhill side of the weld (00 azimuth). The column identified as "H.B. Robinson
THmax (inch)" is the length of coverage achieved on the tube below the weld fillet on the uphill side of
the weld (1800 azimuth). Reported inspection heights take into account the actual probe elevation as well
as the size of the field of the eddy current coil. The length of tube inspected on the downhill side of the
penetrations, below the weld fillet, ranges from a minimum of [ ]"Ce to a maximum of
[ ]a ce. The length of tube inspected on the uphill side of the penetrations, below the weld fillet,
ranges from a minimum of [ a C e to a maximum of []at.

2.4 EXAMINATION COVERAGE SUMMARY

Review of the reactor vessel head penetration data from the October 2002 nondestructive examination of
the H.B. Robinson Unit 2 reactor vessel head penetrations indicates the following:

1. Coverage on the penetration tube ID surfaces extended from the bottom of all 69 tubes to
elevations at least 2.0 inches above the uphill side of the welds.

2. Coverage of the J-groove weld surfaces extended from the penetration tube to at least [ ]ace

beyond the cladding and buttering interface.

3. Coverage of the penetration tube OD surfaces ranged from a minimum of [ ]a c e to a
maximum of [ ]aCe below the weld fillets on the uphill sides of the penetrations and
from a minimum of [ Iacbeto a maximum of [ 1a c e on the downhill sides of
the penetrations.

The limitation of coverage on the penetration tube OD surfaces has been investigated and is attributable to
interference resulting from the original design of the end effector clamping mechanism. At that time, the
mechanism design did not allow the probe to reach within approximately [ ]a.C e from the
bottom of the tube. This mechanical limitation, combined with the configuration of the weld fillet
effectively reduce the "inspectable length" of the penetration tube OD surfaces. Given the design of the
end effector at the time these examinations were performed the coverage achieved is believed to be the
most achievable at that time.
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3 STRESS AND FRACTURE EVALUATION OF AS-BUILT
CONFIGURATION

To investigate the impact of the weld size being larger than the drawing implies, finite element analyses
were constructed for two of the rows of penetrations where the inspection coverage was the most limited,
the rows designated 27 degrees, and the outermost row, designated 46 degrees.

Analyses of the design configurations had already been completed, and the stress results from these new
analyses of the as-welded configuration have been compared with the earlier analyses. The stresses were
used in a crack growth evaluation that provides new insight into the effects of the longer welds.

Stress Analysis. The finite element model originally used for the analysis of the H.B. Robinson head
penetrations was modified to approximate the as-built weld size, for two rows of penetrations. The weld
size was determined using two key pieces of information. The lower extent of the weld was determined
from the actual NDE data taken on the penetrations of interest. The second set of data were obtained
from measurements on the Jamesport head, from a canceled plant, which is kept in the Westinghouse
Waltz Mill facility. A series of measurements performed on the J-groove welds which exist in that head
led to the conclusion that [

]a.ce

These two pieces of data are sufficient to construct an approximate as-built weld configuration for
H.B. Robinson, and the results of the stress analysis are shown in Figures 23 through 26. Figure 23
shows the results for the lower hillside for the 27 degree penetrations, with the results plotted as a
function of distance from the bottom of the weld. It may be easily seen that the stresses at the bottom of
the actual weld are much lower than would be predicted using the design weld configuration. [

]ac.e

The as-built weld configuration is very similar to the design configuration for the uphill side of the weld,
so the stresses are very similar, as shown in Figure 24, as well as Figure 26.

Iasc.e

Crack Growth. The stresses discussed above were used to calculate crack growth for a through-wall
flaw in each of the two penetration angles for which as-built stresses were calculated. The purpose of
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these calculations was to estimate the potential future growth of a flaw, which might have gone
undetected due to the lack of inspection coverage. The crack growth model used was from reprt MRP-55
Rev. 1, and was consistent with the NRC guidance letter of April 11, 2003.

Figure 27 shows the results for the downhill side of the 27-degree penetrations, for both the as-built and
the design configurations. In each case, the flaw upper end is located 0.5 inches below the weld bottom,
and the crack growth is calculated as a function of time. [

]anc.e

For the 46-degree location, the results are shown in Figures 29 and 30. [

Ia.c'e

Therefore it can be seen that the predicted crack growth on the downhill side of the two penetration types
analyzed is negligible, and inspection coverage during the H.B. Robinson Refueling Outage 21
examinations was sufficient to justify the proposed examination deferral.
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Figure 2 H.B. Robinson Penetration No. 1 Open Housing-Scanner Examination Tube End Visible
on the Bottom [ ]a~ce

Figure 3 H.B. Robinson Penetration No. 5 Open Housing-Scanner Examination Tube End Visible
on the Bottom [ Iace
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Probe Location at the Start

Figure 7 Illustration that Shows Full Coverage of Surface (Eddy Current) Examination Along
RPVH J-Weld and Penetration Tube with Two Separate Examination Scans with the
"Grooveman" Scanning Mechanisms along J-Weld (ROOF SCAN) and along the Tube
(TUBE SCAN) for Weld's Low Point (circumferential position at 0° orientation)

Cus
WCAP- 16132-NP August 2003
6273-NP.doc-080703



16

Figure 8 Video Verification for Groveman Roof-Scanner Probe Trajectory

Figure 9 Video Verification for Groveman Roof-Scanner Probe Trajectory
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Figure 10 Video Verification for Groveman Tube-Scanner Probe Trajectory

Cou
WCAP- 16132-NP August 2003
6273-NP.doc-080703



18

File Probe Frequency C-Scan Lisesnjous Tools Image Settings Help

File: H-2-07-6GAS-01 Exam Daoel 10O22002 Tiees 21:45 - 22:06
Frequenow: i Probe: 2 Probe Twpe: iDiver Pidckp
Gain: 32.0 dl DIve: 12.0 V Freq; 40W HNz ftation 345 dos

cire- 174,520, I -: .l0:-
Hare SI Vertt 31 PWG 6.7 Mat: 139.0

D~ID=z: 2 Wart: -7 MMt~: 3.4 :WtE: r t00

MG (EDJ)

Al

.a 4 10 t

^ 8:o ~~~~~~~~~~~~~~~~~~~~~~~~~~40-

Lg 30 40 so U0 M0 240 290 <-circ

Cop, i t 20220 iladi :nentinl U

Figure 11 H.B. Robinson Penetration No.7 J-weld Examination Coverage on Cladded Surface
[ ]aCe

Eile Pr-be Freqw-vo C-S-n Li...jnn T0.i. june. fti.Oira w

I P.s . T LOW ,pil

IA

0.Q
2.. ~ ~ ~ ~ ~ S1 I II

Figure 12 H.B. Robinson Penetration No.21 J-weld Examination Coverage on Cladded Surface
[ Iace

cc(t
WCAP- 16132-NP
6273-NP.doc-080703

August 2003



19

-�11131

File Probe Frequenc$, C-Scan Lissajous Tools rmage Settings Help

File1 HN-2-42-MRS-02 Exam Dat.: 10/21/2002 Tim: 03:5 - 04:14
Frmq~uane. I PIob: 2 Prsbo TV";: DrLve Pickup
Gai: 32.0 dB ISly.: 12.0 V FreaI 400k HE Rotation: 348 dos

clrc:. 12.400. ax: 1.28 t
Ifra: -29 Vert* -8 IMI 30.5 Po~ 354,7

34orz-z: 2 W~ert: 8 DM; -3.3 91AM; u1,s
W.f 18 (SW)
Iso 4

Li~~~~~I

i-e 50 -o 40 2*29

1.P~jia2 00 20-i[We t..LIi L

Figure 13 H.B. Robinson Penetration No.42 J-weld Examination Coverage on Cladded Surface
[ Ia~ce

File Probe FrequencqJ C-Scan Liasa~oues Tools Image Setting- Help

File: 1R-0-47-MR5-01 bwer D .: 1~23/M Tim: 21:09 - 21:41
Frewm^t 1 Probe: 2 Probe Twe: Iivrr PIdoW
Gain. 32.0 dB Si: 12.0 !V Freq- 400k Hz ebtaiom 345 dog

circ: 28<.40 ax: 1 t.0i0
Ir?-4i Vert: -27 MAG;: 48.6 PIWA5: 328.3

llbo: -± Wlert: -2 MM,; 1,5 WP4W- -1,7

3.0 P8W

2.0

a 0.0
0.0 _' 8040

3.0 V.t (ED)

L:n9 230 3t 350 40 9D 40 190 240 Di
Copifplst 20Ge-2a3 Me InteaI l. LLC

Figure 14 H.B. Robinson Penetration No.47 J-weld Examination Coverage on Cladded Surface[ ]a,ce

CU19

WCAP- 16132-NP
6273-NP.doc-080703

August 2003



20

File Pr'obe Frequen~cy EL-Scan Lissaaaus lools Image Settings Helpi
File I9 W2-57-GRS03 Exn Date: 10/24/M Tire! 13±20 - 13:00
Freqwmxwi I Prcbe 2 vKew Twe± 3b-1,, Pidop
Gaint. 3.0 dBlk3i..: 12.0 V F..q 400 Hiz R*Attm.- 340 dog

cim.: 200L8D0. ac 1420
lfrz: --J0 VW-t -48 3M: 70.0 F158: 318.

21we. 8 VDwt.-t 4 MT, -8.-3 DYIME: -0.8

I

3.,-

2.0-

1.0-
0.&.

WE (MD,

,i.
hit 0DJ

<-r (CU-C

x

I

'A

iC i t i 20220 Is*,e lnumsntienl. LLC

Figure 15 H.B. Robinson Penetration No.57 J-weld Examination Coverage on Cladded Surface
[ I a,c,e

WCAP- 16132-NP
6273-NP.doc-080703

August 2003



21

arc

I
I HII i \

TkHmin

cI"",1 , 'IMoimmum Exarmined

Figwht on,) a rxb()D

Figure 16 Layout for Surface Inspection Coverage for CRDM Tube OD Surface

WCAP- 16132-NP August 2003
6273-NP.doc-080703



22

a,c,e

Figure 17 Graph Showing the Coverage for Tube OD Inspection on Penetration No. 40
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Figure 18 Illustration that Shows As-Built Deviation from Designed Geometry at the Weld's Low
Point (circumferential position at 00 orientation), and Approximate Start Location for
the "Grooveman" Tube Scans

WCAP-16 132-NP
6273-NP.doe-080703

August 2003



24

Peripheral Penetration [ Iaxx on James-Port RPVH at
Westinghouse Waltz Mill Facility
Weld Fillet Radius Iaxx

Weld Fillet Overlap, down the tube from theoretical Intersection [ ]axx

Figure 19 Illustration that shows As-Built Deviation from Designed Geometry at the Weld's Low
Point (circumferential position at 0° orientation).
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Westinghouse Waltz Mill Facility

Weld Fillet Radius [ ]ascbe
Weld Fillet Overlap, down the tube from theoretical Intersection [
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Figure 20 Illustration that shows As-Built Deviation from Designed Geometry at the Weld's Low
Point (circumferential position at O0 orientation).
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Figure 21 HB. Robinson CRDM J-Weld Fillet Geometry for Penetration at [ ]ace
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Figure 22 H.B. Robinson CRDM J-Weld Fillet Geometry for Penetration at [ race
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a,c,e

Figure 23 Hoop Stress Distributions for As-built vs Design Weld Configurations, Lower Hillside,
27 Degree Penetrations

C-

.,

70,000 -

60,000 j

50,000 A

40,000 _

30,000 -

20,000

10,000

0-

-10,000

-20,000

-30,000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance from Bottom of Weld (in)

[+ Inside-Nominal + Outside-Nominal -- --Inside-Asbuilt * -Outside-Asbuilt :

4.5

Figure 24 Hoop Stress Distributions for As-built vs Design Weld Configurations, Upper Hillside,
27 Degree Penetrations
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a,c,e

Figure 25 Hoop Stress Distributions for As-built vs Design Weld Configurations, Lower Hillside,
46 Degree Penetrations
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Figure 26 Hoop Stress Distributions for As-built vs Design Weld Configurations, Upper Hillside,
46 Degree Penetrations

WCAP- 161 32-NP August 2003
6273-NP.doc-080703



30

3.~00

2.50

mO 2.00< -__ + __ .. __ .t...-

1.50

E 1.00

5i0.50 4

0.0

o. -0.50

-1.00 _ ..... _ .. 0 - - -- 1 - - --- -
0 5 10 15 20 25 30

Time (years)

Figure 27 Comparison of Predicted PWSCC Growth for the Design Weld Configuration and the
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Figure 28 Comparison of Predicted PWSCC Growth for the Design Weld Configuration and the
As-built Configuration, Through-Wall Flaw on the Uphill Side, 27 Degree Penetration
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Figure 29 Comparison of Predicted PWSCC Growth for the Design Weld Configuration and the
As-built Configuration, Through-Wall Flaw on the Downhill Side, 46 Degree Penetration
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Figure 30 Comparison of Predicted PWSCC Growth for the Design Weld Configuration and the
As-built Configuration, Through-Wall Flaw on the Uphill Side, 46 Degree Penetration

WCAP- 16132-NP August 2003
6273-NP.doc-080703


